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Black hole X-ray binaries display large outbursts, during which their properties are strongly variable. We develop a sys-
tematic spectral analysis of the 3–40 keV RXTE/PCA data in order to study the evolution of these systems and apply it to
GX 339–4. Using the low count rate observations, we provide a precise model of the Galactic background at GX 339–4’s
location and discuss its possible impact on the source spectral parameters. At higher fluxes, the use of a Gaussian line to
model the reflection component can lead to the detection of a high-temperature disk, in particular in the high-hard state.
We demonstrate that this component is an artifact arising from an incomplete modeling of the reflection spectrum.
c© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction
Along the course of their large outbursts, the spectral shape
of black hole X-ray binaries (BHXB) varies, tracing the evo-
lution of a jet or a corona, of an accretion disk and of the as-
sociated reflection processes. How these physical structures
form and evolve over time is still under investigation (e.g.
Remillard & McClintock 2006). To better constrain the the-
oretical models, one needs to compare the simulation out-
puts with the real observations, applying the same methods
to both data sets. Therefore, we are developing a system-
atic procedure to reduce the RXTE/PCA data (Sec. 2) and to
perform the corresponding spectral analysis (Sec. 3). In or-
der to test our method and to obtain an initial set of generic
spectral properties for BHXB, we use GX 339–4 which un-
dergoes frequent outbursts, as prime example (e.g. Dunn et
al. 2008). We present a first overview of the results (Sec. 4)
as well as two further studies aiming to improve our system-
atic procedure: a detailed modeling of the Galactic back-
ground at GX 339–4’s position (Sec. 5) and a comparison of
the spectral parameters obtained using different models for
the reflection component (Sec. 6).
2 Observations and data reduction
GX 339–4’s recurrent outbursts have been monitored with
a large number of observatories at all wavelengths. In this
work we primarily analyze the 3–40 keV RXTE/PCA data
in order to perform a systematic analysis of the spectral
evolution of the source over several outbursts. To test the
⋆ Corresponding author: e-mail: maica.clavel@ssl.berkeley.edu
validity of our models we also extend the spectral energy
band of our study to lower X-ray energies, making use of
Swift data (0.6–8 keV) obtained in quasi-simultaneity with
a given RXTE observation.
2.1 RXTE/PCA
The RXTE mission operated from December 1995 to Jan-
uary 2012, providing a quasi-systematic follow-up of the
X-ray binary outbursts over 16 years. We reduced all
the 1389 Proportional Counter Array (PCA) observations
available for GX 339–41. We used the HEASOFT software
suite v6.16 to reduce the corresponding data in a stan-
dard way, restricting it to the top layer of Proportional
Counter Unit 2 (PCU2)2. We time-filtered the data, us-
ing maketime and xtefilt, to remove PCU2 breakdowns
and to restrict it to the times when the elevation an-
gle above the Earth is greater than 10◦, and when the
satellite pointing offset is less than 0.02◦. The PCA re-
sponse file was computed using pcarsp and the instrumental
noise was estimated using pcabackest with the background
model pca bkgd cmbrightvle eMv20051128.mdl. All ob-
servation/background spectra and average count rates were
then extracted using saextrct. For PCA observations hav-
ing a net average count rate lower than 40 cts s−1 over
the full energy range, the instrumental background esti-
mation was replaced by the one calculated from model
1 This corresponds to all RXTE/PCA observations pointing within one
degree from GX 339–4, ignoring slew and raster observations, as well as
observations containing data gaps possibly affecting the data (obsIDs end-
ing with G, T or U).
2 PCU2 is the only unit that was active during all RXTE observations,
and we tested that, for our study, the spectra were not significantly im-
proved when adding the photon counts from its second and third layers.
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pca bkgd cmfaintl7 eMv20051128.mdl. All spectra were
binned in order to have at least 200 counts per resul-
tants channel and a systematic error of 0.6% was added
to account for instrumental uncertainties. In this work we
present 3–10 keV lightcurves and spectral fits obtained in
the 3–40 keV energy range. The astrophysical background
included in these data is investigated in Section 5.
2.2 Swift/XRT
We reduced and analyzed one observation from Swift, cor-
responding to MJD 55260.2, using the HEASOFT software
suite v6.16. We considered only the data obtained with the
X-ray Telescope (XRT) that covers the soft X-rays (0.5–
10 keV). This observation was obtained in window tim-
ing (wt) mode. The Swift/XRT level 2 cleaned event file
was obtained with xrtpipeline, and further processed within
XSELECT to obtain the source and background spectra. As
recommended in Evans et al. (2009) for the wt data, the
source spectrum was extracted from a 30 pixel radius circu-
lar region centered on the best source position. The resultant
data is not contaminated by pile-up effects.
The background spectrum was estimated from larger
regions at off-axis positions. The ancillary response file
(arf) was estimated with xrtmkarf, and the last version
(swxwt0to2s6 20090101v015.rmf)of the redistribution ma-
trix files (rmf) used in the spectral fits. The spectral channels
were grouped in order to have at least 100 cts s−1 per resul-
tant channels, and only the data between 0.6–8 keV were
considered for the spectral fits.
3 Spectral analysis
Following the method proposed by Dunn et al. (2010), we
perform a systematic analysis of the 1385 spectra3. For each
observation, we test the presence of several spectral com-
ponents using XSPEC software v12.8.2 models and chi-
squared fitting routines, as well as parameter constraints dis-
cussed by Dunn et al. (2008) and Plant et al. (2014).
3.1 Choice of model sets
In addition to the non-thermal component modeled by an
absorbed power law, PHABS×POWERLAW4, we test the
presence of a thermal emission coming from the accretion
disk modeled by a multi-temperature blackbody EZDISKBB,
and of a reflection component.
The model chosen by Dunn et al. (2010) to account for
the reflection component is a Gaussian emission line GAUSS
3 Four RXTE/PCA observations (MJD 52095.999, 52128.566,
54327.758 and 54327.823) out of the 1389 we reduced had to be
excluded due to a too low number of counts and/or data reduction issues
preventing a full spectral analysis.
4 A model including a broken power law and/or a high energy cut-off, as
tested by Dunn et al. (2010), are not statistically needed within the energy
range of our analysis (3–40 keV).
fixed at Eline = 6.4 keV, only modeling the strong iron fluo-
rescent line. From our analysis, it appears that a smeared ab-
sorption edge at Eedge = 7.1 keV, corresponding to the pho-
toelectric absorption by iron atoms, is also significant in part
of the observations (Sec. 6). Therefore, we perform a sec-
ond systematic fitting, including the multiplicative SMEDGE
model when the Gaussian line is present. Finally, we run
a third round of fits testing the self consistent model XIL-
LVER to account for the reflection component. This model
includes the photoelectric absorption, the fluorescent emis-
sion lines and the Compton scattering continuum emission
(Garcı´a et al. 2013).
The three sets of XSPEC models that we test are sum-
marized by the following three equations:
phabs× (powerlaw + ezdiskbb + gauss) (1)
phabs× (powerlaw + ezdiskbb + gauss)× smedge (2)
phabs× (powerlaw + ezdiskbb + xillver) (3)
where the disk component (in italic) and of the reflection
component (in bold) are included only if they are statisti-
cally significant (see Sec. 3.2 for the model selection proce-
dure). The column density corresponding to the photoelec-
tric absorption PHABS is set to NH = 0.4 × 1022 cm−2.
The Gaussian line energy is fixed to Eline = 6.4 keV, the
SMEDGE threshold energy to Eedge = 7.1 keV, its smearing
width to W = 15 keV and the index for photoelectric cross
section to a = −2.67. The XILLVER incident radiation is
fixed to the POWERLAW parameters, the iron abundance to
the solar value, and the system inclination to i = 40◦. All
the other parameters (power law photon index Γ and nor-
malization Ipwl, disk maximal temperature Tmax and nor-
malization Idisk, Gaussian normalization Iline, edge maxi-
mum absorption factor at energy threshold τmax, XILLVER
ionization parameter ξ and normalization Irefl) are left free
to vary within physical ranges and are initialized at typical
values in order to increase the chance of converging rapidly
to a consistent fit.
3.2 Procedure to select the best fit model
For a given reflection model, our systematic analysis
perform the spectral fit of each observation with four
models (POWERLAW, POWERLAW+REFLECTION, POW-
ERLAW+DISK and POWERLAW+DISK+REFLECTION). We
then identify the model having the best chi-square and use
the XSPEC F-statistic test to check the statistical relevance
of any optional components (ie. any disk and/or reflection
components), based on a comparison of chi-squares (χ2)
and degrees of freedom (dof).
We are aware that the F-test we use is limited to data
sets having a Gaussian statistic (which is the case consid-
ering the data large count rates and the consequent binning
applied to the spectra, see Sec. 2.1) and cannot be used to
test the presence of a Gaussian line (Protassov et al. 2002)
nor of a multiplicative component (Orlandini et al. 2012).
Therefore, similarly to what is done by Dunn et al. (2010)
we added a test on the iron line parameters: it is considered
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statistically relevant only if its normalization is at least 2σ
above zero. When the emission line is detected, the edge
should also be present in the spectrum. However, this multi-
plicative component may not be statistically needed for the
fit. This is why we decide to include the SMEDGE in the
best fit model only if the following two conditions are ful-
filled: (i) the Gaussian line is required, (ii) the edge is sig-
nificantly improving the overall fit (lowering the reducedχ2
from more than 2.5 down to about 1).
The phenomenological models we are testing are quite
simple. Therefore, for most of the observations, the best fit
model selection can easily be done by eye. When this is
the case, the automatic procedure gives results that are in
good agreement with what one would expect (except for
model set 1, which is further discussed in Sec. 6). For this
reason, we decide not to investigate further the statistical
tests. Apart from few isolated observations (less than 1% of
our sample), all best fit models have reduced χ2 around 1
and the uncertainties we provide correspond to the 1σ er-
ror bars.
4 Standard spectral evolution of GX 339–4
Our data set is made of 1385 observations spread over the
entire life time of the RXTE mission, sampling five major
outbursts of GX 339–4 (see the source lightcurve in Fig. 2).
These events all follow a standard cycle in the Hardness In-
tensity Diagram (HID, Fig. 1) that can be summarized as
follow: (i) an intensity rise in the hard state, best modeled
by an absorbed power law, (ii) a transition to the soft state,
with the detection of an additional disk component, (iii) an
intensity decrease in the soft state, where the disk compo-
nent is dominating the spectra and the power law component
is often poorly constrained, (iv) a transition back to the hard
state, with the disappearance of the disk, and (v) an inten-
sity decrease with a source remaining in the hard state.
If a sufficient model is used for the reflection compo-
nent (i.e. model set 2 or 3, see further discussion in Sec. 6),
we can identify typical parameters following the spectral
evolution of the source (Fig. 2, middle panels). The power
law photon index goes from about 1.6 in the hard state to
about 2.3 during the transition, and it is poorly constrained
both during the softest observations and the lowest count
rate ones (dominated by the Galactic background emission,
Sec. 5). The disk temperature varies from about 1 keV for
the brightest down to about 0.5 keV for the faintest obser-
vations in the soft state. These results are in agreement with
previous works (Dunn et al. 2008, Plant et al. 2014).
5 Galactic background
GX 339–4 is located within the Norma arm, in the Galac-
tic plane. Therefore, a diffuse emission from the Galac-
tic background, also called the ridge emission, should be
present in the region (Valinia & Marshall 1998). Assuming
that this astrophysical background emission is constant over
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Fig. 1: Hardness intensity diagram for all RXTE observations hav-
ing a net average count rate above 0.77 cts s−1. The intensity is
given as a number of counts detected in PCU2 top layer between
3 and 10 keV, while the hardness ratio is defined as the ratio of the
6–10 keV flux over the 3–6 keV one. The different colors repre-
sent the spectral shape of the data with a discrimination whether
a disk component is statistically needed (red squares) or not (blue
circles). The purple diamonds highlight a region where a spurious
disk can be detected, depending on the model chosen to account
for the reflection component (see also Fig. 2 and Sec. 6). The black
empty circles are the same observations corrected from the Galac-
tic background component (Sec. 5). The softening visible at low
count rates (average trend shown by the blue line) is partly re-
moved when excluding the Galactic background (black line).
the 16 years of RXTE observations, we provide a precise es-
timation of this component at the position of GX 339–4 and
investigate the consequences of neglecting it, regarding the
best fit model parameters.
5.1 Galactic background estimation from RXTE data
Our set of data includes a large number of low count rate
observations, allowing for a precise estimation of the con-
tribution of the Galactic background detected by PCA at
the position of GX 339–4. Indeed, the histogram giving the
number of observations as a function of their average net
count rate in the 3–10 keV range can be described as a Gaus-
sian distribution centered on 0.304 cts s−1 (with a standard
deviation σ = 0.076 cts s−1), plus individual observations
ranging from 0.77 cts s−1 (3σ) up to about 800 cts s−1. Ac-
cording to previous works, the distribution at low fluxes is
dominated by the Galactic background component (e.g. Co-
riat et al. 2009). We select the 125 observations having a
count rate within 2 σ of the Gaussian distribution mean and
add them is order to get a spectral estimation of the back-
ground component with a sufficient exposure to perform a
spectral fit (about 140 ks total).
Valinia & Marshall (1998) estimated the ridge emission
www.an-journal.org c© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 2: RXTE/PCA lightcurve of GX 339–4 and corresponding spectral components. From top to bottom: (i) 3–10 keV lightcurve with a
color coding highlighting what observations are modeled with a simple absorbed power law (blue circles) and which ones need a disk
component (red squares). The purple diamonds highlight periods where model set (1) gives a best model including a 1.5 keV disk while
model sets (2) and (3) do not statistically require an additional disk component (Sec. 6). Data points in lightblue have net count rates
below 0.77 cts s−1 and are considered as dominated by the Galactic background (Sec. 5). The hardness ratio of each observation (black
dots) is defined in the caption of Fig. 1; (ii) Power law photon index of the best fit obtained using model set (1, purple) or (3, same color
coding as top panel). The spurious detection of the 1.5 keV disk is responsible for an artificially low photon index in the corresponding
periods; (iii) Maximum temperature of the disk found using model set (1, purple) or (3, red); (iv) Normalization of the disk (same color
coding). The fake disk component appears in purple with a high temperature and a very low normalization, while for the true detections,
red and purple points are overlaid (see Sec. 6 for more details).
from RXTE observations covering the central portion of the
Galactic disk (−45◦ < l < +45◦, −1.5◦ < b < +1.5◦),
and provided an average model for this large region:
wabs× (raymond + powerlaw) (4)
where RAYMOND is a model for a hot and diffuse gas at red-
shift z = 0, with a solar abundance, a temperature of about
kT ∼ 2.9 keV and a normalization Iray ∼ 0.021 cm−5. The
power law photon index is Γ ∼ 1.8, and its normalization
Ipwl ∼ 0.00391ph cm−2 s−1 keV−1 at 1 keV. The overall
absorption is NH ∼ 1.8 × 1022 cm−2. The average Galac-
tic background estimated by these authors, corresponds to
a flux Fridge ∼ 2.9 × 10−3 ph cm−2 s−1 in the 3–40 keV
range.
We fit this model to the astrophysical background at the
position of GX 339–4, fixing all the parameters to Valinia
& Marshall (1998) values except for the normalizations
c© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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of the plasma and power law components. The fit is sat-
isfactory (χ2 / dof = 59 / 64) and the parameters found
are Iray = (4.4 ± 0.6) × 10
−3 cm−5 and Ipwl = (7.8 ±
1.2)×10−4 ph cm−2 s−1 keV−1, which are five times lower
than the average values obtained by Valinia & Marshall
(1998), and correspond to a 3–40 keV flux Fbkg ∼ 5.9 ×
10−4 ph cm−2 s−1. Since the ridge emission is not supposed
to be uniform along the Galactic plane, we believe that the
best fit model we obtained for our average low count rate
spectrum is relevant to model the Galactic background at
GX 339–4’s position.
5.2 Neglecting the Galactic background component
The estimated Galactic background has a rather soft spec-
trum (equivalent to a photon index Γ ∼ 2.2, if fitted with
an absorbed power law5) and is likely to affect the low-
hard state observations if neglected. In order to quantify this
effect, we compare systematic fits performed using model
set (2) to the same set including an additional Galactic back-
ground component (given by equation 4 and fixed to the pa-
rameters derived in Sec. 5.1). All observations dominated by
the Galactic background (net count rates below 0.77 cts s−1
in the 3–10 keV range) are poorly fitted. For all observations
dominated by GX 339–4, the two model sets give consis-
tent results concerning the spectral components being sta-
tistically significant, and the spectral model parameters are
compatible within the error bars. Therefore we decide to re-
strict the study of the spectral evolution of GX 339–4 to the
observations above 0.77 cts s−1, and to neglect the Galactic
background contribution for these observations.
However, part of the softening trend visible for the lower
fluxes (increasing photon index towards low count rates,
Fig. 2) is partly corrected when including the Galactic back-
ground as a fixed component in the spectral fit, as shown by
the corresponding average trends in Fig. 1. From our analy-
sis we believe that the softening effect only becomes truly
negligible above about 8 cts s−1 (in the 3–10 keV range).
Therefore the average spectral parameters obtained from the
faintest observations should be interpreted with caution.
6 Importance of the reflection model
We perform the whole systematic fitting procedure three
times, using three different models to account for the reflec-
tion component (Sec. 3). With the RXTE/PCA data alone we
do not have the spectral resolution to extract precise infor-
mation about the reflection phenomena, therefore we cannot
provide a precise comparison between the three reflection
models. However, model set (1), including only the fluores-
cent line at 6.4 keV, leads to the detection of a high tem-
perature disk that is not statistically needed when choosing
5 The fit is performed fixing the absorption NH to GX 339–4 standard
value and leaving the power law photon index and normalization free. This
is not the best fit model for the average spectrum (χ2 / dof = 100 / 64).
However, this model is sufficient for individual observations having a lower
statistic (Fig. 2).
more complete models for the reflection component (Fig. 2,
bottom panels).
6.1 Spurious detection of a ∼1.5 keV disk
For all GX 339–4 outbursts, when using model set (1) we
significantly detect a disk component in the high-hard state
observations (see also Dunn et al. 2008, Nandi et al. 2012).
This disk is best described by a high maximal temperature
kTmax ∼ 1.5 keV and a low normalization Idisk < 10, it is
also associated to a harder power law than the typical values
found with the other two model sets (Fig. 2). We believe
that the high-temperature disk is an artifact created by the
spectral analysis, for three main reasons.
First, the normalization of the disk is defined by:
Idisk =
1
f4
(
Rin
1km
)2 (
D
10kpc
)−2
cos i (5)
where, for GX 339–4, f = 1.7 is the color effective ratio,
D ∼ 8 kpc is the distance of the source, i ∼ 40◦ is the sys-
tem inclination andRin is the inner radius of the disk, which
should be larger than the Schwarzschild radius RS ∼ 30 km
for a 10 M⊙ black hole. Therefore, for GX 339–4 we ex-
pect the disk normalization to be not less than about 120
(when Rin = RS) or 30 to be conservative. With such a low
normalization, the high-temperature disk parameters are not
consistent with the complete disk model we are using.
Second, even if the EZDISKBB model does not seem rel-
evant, the high-temperature disk could fit a low-energy ex-
cess in the spectra (e.g. thermally emitting disk fragments
that are embedded in a hot and optically thin disk). How-
ever, when available the simultaneous Swift/XRT data do
not highlight any need for an additional thermal compo-
nent at low energy. The Swift observation is well fitted by
an absorbed power law having the following parameters:
NH = (0.37 ± 0.01) × 10
22 cm−2, Γ = 1.53 ± 0.02
and Ipwl = 0.39 ± 0.01 ph cm−2 s−1 keV−1 (χ2 / dof =
147 / 148). When added to the fit, the quasi-simultaneous
RXTE/PCA data show discrepancies compared to the sin-
gle power law model. The residuals highlight a possible
emission line and associated absorption edge within the 5–
20 keV range (Fig. 3). In order to avoid any strong biased
linked to the reflection component, we perform a simultane-
ous fit ignoring data points between 5 and 20 keV for both
instruments. The fit is satisfactory and the parameters found
are compatible with the one listed previously, within the 1σ
error bars (χ2 / dof = 166 / 176), confirming that the high-
energy power law is fully compatible with the low-energy
one. Therefore, there is no need for any thermal component
at any temperature. Simultaneous fits using model set (2) or
(3) on the whole 0.6–40 keV energy range are both satisfac-
tory with no disk component needed (χ2 / dof ∼ 1).
Third, to quantify the influence on the best fit param-
eters of not fitting the absorption edge, we created a fake
spectrum using the following model: PHABS × (POWER-
LAW + GAUSS) × SMEDGE and run the fitting procedure
using model set (1). The fit is satisfactory (χ2 / dof = 50 /
www.an-journal.org c© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1: Models (A) and (B) are statistically equivalent for RXTE/PCA observations within 3–40 keV (parameters as defined in Sec. 3).
Parameters Γ Ipwl Eline σ Iline Eedge τmax W kTmax Idisk
( ph cm−2 s−1 keV−1) (keV) (keV) (10−4 ph cm−2 s−1) (keV) (keV) (keV)
(A) 1.5 0.20 6.4 0.1 4 7.1 0.8 15 – –
(B) 1.4 0.15 6.4 0.8 0.15 – – – 1.44 0.38
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Fig. 3: Simultaneous fit of the Swift MJD 55260.2 (black) and
RXTE/PCA MJD 55260.4 (red) spectra of GX 339–4 with an ab-
sorbed power law. The residuals computed from this poor fit
(χ2 / dof = 340 / 213) highlight the presence of reflection features
between 5 and 20 keV.
59), the initial and output model parameters are summarized
in Table 1. The best fit has a harder power law than the ini-
tial one, better fitting the absorption edge, and resulting in
an artificial excess of emission at low energy that is fitted
by a high-temperature disk with a low normalization. This
is exactly what we are witnessing when using model set (1)
on the RXTE/PCA data. Therefore, we believe that the high-
temperature disk component is not physical but arises from
an incomplete modeling of the reflection spectrum.
6.2 Converging to a coherent solution
As demonstrated, the spurious detection of the high-
temperature disk is due to a limited spectral range, an in-
complete model set and a disk normalization not bound
to physical values. In order to exclude this fake solution
within our systematic analysis, we first add a hard lower
limit Idisk > 30 for the disk normalization parameter6. This
alone excludes the high-temperature disk solution but does
not provide a satisfactory fit for the corresponding observa-
tions. Second, we test the presence of the absorption edge,
whenever the line is present. This multiplicative component
is sufficient to provide a satisfactory fit for all observations
from which we detected a spurious high-temperature disk.
Third, in order to verify that this supplementary component
is linked to the reflection spectrum we compare the phe-
6 This lower limit has been tested for GX 339–4’s RXTE spectra only. It
may not be relevant to other BHXB with more complex disk geometries.
nomenological model set (2) to model set (3), which in-
cludes a self-consistent model for the reflection features.
These two analyses provide consistent results regarding the
fit parameters, validating the use of an absorption edge
when statistically needed.
7 Conclusion
Our systematic analysis of the RXTE/PCA data between 3–
40 keV highlight similar trends for all GX 339–4 outbursts,
and it is important to disentangle the variations tracing the
true evolution of the source from the one generated by the
analysis itself. In this work we demonstrated that neglect-
ing the Galactic background is justified but leads to an ar-
tificial softening of the source spectra for the lowest count
rate observations. At higher fluxes, a limited energy range
and a possibly incomplete model set can result in the detec-
tion of spurious components, such as the high-temperature
disk which artificially substitutes for missing features in the
reflection model. Therefore, physical inputs on the source,
as well as multi-wavelength observations, are crucial to
fully test our systematic analysis and to provide the generic
properties of GX 339–4. This extensive study is beyond the
scope of this paper and will be presented in a future publi-
cation (Clavel et al. in prep).
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